INTRODUCTION {#cts12429-sec-0010}
============

**The aim of this tutorial is to review next‐generation sequencing (NGS) techniques and the emerging role of this technology in the diagnosis and treatment of cancer. We provide a basic overview of the different types of NGS and the strengths and weaknesses of each approach in the context of cancer as a heterogeneous disease driven by DNA‐altering mutations. Finally, we discuss how this information can inform personalized clinical development of targeted therapies**.

HISTORY AND OVERVIEW OF NGS TECHNOLOGY {#cts12429-sec-0020}
======================================

Background and basic methodology {#cts12429-sec-0030}
--------------------------------

Since the first whole‐genome sequence of a free‐living organism---the bacterium *Haemophilus influenzae*---was reported in 1995,[1](#cts12429-bib-0001){ref-type="ref"} DNA sequencing has been a mainstay of life science research and development (**Figure** [1](#cts12429-fig-0001){ref-type="fig"}). During the subsequent decade, using the predominant method of Sanger sequencing,[2](#cts12429-bib-0002){ref-type="ref"} large research teams and consortia elucidated the genomes of multiple model organisms, microbes, and ultimately the first draft human genome sequence in 2001.[3](#cts12429-bib-0003){ref-type="ref"} Sanger sequencing produces highly accurate sequencing reads up to 1,000 base pairs (bp) long, and is still considered the gold‐standard sequencing method for clinical applications today. The workhorse instruments of this era were capillary electrophoresis instruments that employed fluorescent dye terminators to read out the sequence of up to 96 cloned DNA templates in parallel. Because each instrument run generated fewer than 100 kb of sequence data, sequencing of a human genome was only feasible in a dedicated genome center with a factory‐like floor filled with sequencing and associated instruments.

![Timeline of key events in development of sequencing technologies and applications to oncology.](CTS-9-283-g001){#cts12429-fig-0001}

The advent of commercially available next‐generation sequencing (NGS) instruments in 2006 made DNA sequencing dramatically simpler and faster by employing microscopic, spatially separated DNA templates to massively parallelize the capture of data.[4](#cts12429-bib-0004){ref-type="ref"}, [5](#cts12429-bib-0005){ref-type="ref"} Early NGS instruments generated about 1 gigabase (Gb) of sequence, and with the rapid pace of development in this field, the current highest throughput commercial instruments today can generate nearly 1 terabase (Tb) per run (10^12^ bp). The first instruments could only generate short sequencing reads of fewer than 100 bp, and exhibited higher raw error rates than Sanger sequencing, but the sheer volume of reads allowed reasonably accurate consensus sequences to be inferred by aligning reads to a previously sequenced reference genome. With data generation becoming relatively easy, the bottleneck for sequencing experiments now lies in the data analysis steps, which often require sophisticated algorithms, powerful computing infrastructure, and skilled bioinformaticians. In the decade since the release of the first NGS instruments, short read platforms have continued to improve in data quality and read length, and have been deployed in many clinical laboratories. Additionally, a number of novel technology platforms have emerged, although their utility for clinical tests has not yet been broadly established. Single‐molecule sequencing instruments can generate long sequencing reads over 10 kb in length, albeit with higher error rates. Nanopore‐based instruments represent the latest frontier of sequencing, promising to deliver extremely long reads of over 100 kb, but error rates of 10% or higher in current products often necessitate augmentation with higher‐quality short read data. For more comprehensive information about NGS platforms, please see the excellent reviews by Mardis[6](#cts12429-bib-0006){ref-type="ref"} and Goodwin *et al*.[7](#cts12429-bib-0007){ref-type="ref"}

DNA sequencing NGS methods {#cts12429-sec-0040}
--------------------------

Whole‐genome sequencing (WGS) is the most straightforward application of NGS (see **Table** [1](#cts12429-tbl-0001){ref-type="table-wrap"} for definition). Genomic DNA is isolated, fragmented, and made into a library, using platform‐specific reagents, which can be analyzed by the sequencing instrument. No enrichment step is employed, so the entire genome, including noncoding regions, is sequenced. This method can provide high‐resolution detection of many variant types including single nucleotide variants (SNV), insertions or deletions (indels), copy number aberrations (CNA; also referred to as copy number variations (CNV)), and rearrangements. However, the comprehensive nature of WGS requires massive amounts of sequencing to achieve adequate coverage to detect variants. NGS experiments are typically run to achieve a predetermined coverage, which is the average depth of sequencing over all targeted genome positions. Coverage at any genome coordinate can be calculated, after mapping sequencing reads to the reference genome, by counting the number of independent reads that overlap that position. Due to random variation and sequencing bias caused by nucleotide composition (e.g., GC content), many positions in the genome will have coverage lower than the average, which requires deeper sequencing to ensure most positions are adequately covered for detection of variants. The typical 30x coverage WGS experiment to confidently identify most homozygous and heterozygous germline variants requires about 100 Gb for a human genome, and achieving sufficient depth of coverage to detect rare somatic mutations in tumors may require 10‐fold more sequencing, making WGS expensive and time‐consuming for routine cancer genomics.

###### 

Glossary of terms

  Term                               Definition
  ---------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Next‐generation Sequencing (NGS)   Any of several high‐throughput approaches to DNA sequencing using the concept of massively parallel processing rather than sequencing individual DNA strands
  Whole genome Sequencing (WGS)      Sequencing to determine the complete DNA sequence of an organism\'s genome at a single time, typically the somatic cancer genome in oncology studies
  Whole exome sequencing (WES)       A method to determine the DNA sequence of all of the exons within protein‐coding genes in a genome 
  RNA sequencing (RNA‐Seq)           Using NGS to determine the sequence of the transcriptome, or complete set of RNA transcripts in a sample
  Oncogene addiction                 The phenomenon whereby the survival of cancer cells depends on the continued activity of a mutated oncogene
  Circulating tumor cell (CTC)       Tumor cells shed from the tumor mass into peripheral circulation
  Circulating tumor DNA (ctDNA)      Cell free DNA derived from apoptotic or necrotic tumor cells that is shed into circulation and can be detected in plasma
  Companion diagnostic (CDx)         A diagnostic test approved by the FDA that is required for the safe and effective administration of a therapeutic
  Somatic mutation                   Genetic alteration acquired by a cell that can be passed to the progeny of the mutated cell but which was not present in germline DNA (sperm or egg)
  Mutational burden                  The total number of mutations in a cancer genome
  Intratumoral heterogeneity (ITH)   Genetic and phenotypic variation within a tumor, or between individual tumor lesions in the same patient
  Driver vs. passenger mutation      Driver mutations contribute to the growth and survival of a tumor and therefore confer a selective advantage. Passenger mutations arise during the development of a tumor as a result of increased mutation rates, but do not contribute to tumor growth.
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To make more efficient use of sequencing capacity, many cancer genomics studies employ whole‐exome sequencing (WES) in which library construction is followed by an enrichment step that targets only the exons of protein‐coding genes. By restricting sequencing to less than 2% of the genome, it is possible to sequence more samples per instrument run for lower cost, while still achieving higher coverage for detection of low‐frequency somatic variants. The tradeoff for using WES vs. WGS is loss of the ability to detect noncoding variants, including some rearrangements, which could have important implications on gene regulation. CNA detection may also be impeded relative to WGS‐based methods.

When an investigator seeks to interrogate a specific list of genes or other loci, targeted sequencing panels can be employed. These are prepared in much the same way as WES libraries, but the enrichment reagent---typically a pool of complementary hybridization probes or set of PCR primer pairs---targets a smaller number of loci. These can be manufactured to custom specifications, but many manufacturers offer off‐the‐shelf panels targeting specific pathways or disease areas (e.g., cancer hotspot panels). The small size of such panels allows either high multiplexing of samples with lower cost, or ultra‐deep sequencing of specific loci of interest to detect rare events.

When searching for somatic variants in tumors, many studies sequence a matched normal sample (often blood or tumor‐adjacent normal tissue) from the same patient in order to unambiguously identify germline variants. Genomic aberrations that appear in the tumor but not the normal sample are assumed to be somatically derived. For targeted panels, it is possible to differentiate somatic from germline variants in a single tumor sample, without a matched normal, using a set of heuristics. For example, variants that have been detected in healthy population screens (e.g., 1000 Genomes Project, Exome Aggregation Consortium (ExAC)) are generally assumed to represent germline variants, while those found to be verified somatic mutations in the Catalogue of Somatic Mutations in Cancer (COSMIC) database are often assumed to be of somatic origin. Additional criteria based on allele frequency distributions may also be applied. In the decade since the development of massively parallel NGS platforms, sequencing of cancer genomes has escalated rapidly from targeted panels to WES cohorts of cancer patients across different indications (**Figure** [1](#cts12429-fig-0001){ref-type="fig"}).[8](#cts12429-bib-0008){ref-type="ref"}, [9](#cts12429-bib-0009){ref-type="ref"}, [10](#cts12429-bib-0010){ref-type="ref"}

RNA sequencing NGS methods {#cts12429-sec-0050}
--------------------------

Sequencing of RNA (RNA‐Seq) is an extension of the methods developed for DNA sequencing that generally requires synthesis of cDNA from an RNA template (**Table** [1](#cts12429-tbl-0001){ref-type="table-wrap"}). RNA‐Seq protocols differ in their methods for removing ribosomal RNA (rRNA), which is a critical step given that over 90% of a typical total RNA sample is made up of rRNA molecules. After depleting rRNA or enriching coding transcripts, libraries are constructed and sequenced, and reads are mapped to a reference genome or transcriptome. Quantitative gene expression measurements can be obtained by counting the number of reads mapping to each transcript or noncoding RNA; these expression measurements can be used as biomarkers, either singly or in combinations called gene expression signatures, which are often reflective of relevant biology in a sample (e.g., prostate cancer subtypes[11](#cts12429-bib-0011){ref-type="ref"}). Fusion transcripts can be detected by searching for "chimeric" reads, and in some cases, genomic variants can be identified. This method also facilitates detection and quantitation of alternative splice variants, which are often differentially expressed in tumor vs. normal cells (reviewed in Feng *et al*.[12](#cts12429-bib-0012){ref-type="ref"}). RNA‐Seq is generally performed as a nontargeted assay in order to achieve comprehensive transcriptional profiling, but target enrichment methods described above have been adapted to facilitate assays that interrogate a selected set of transcripts.

By combining genomic (DNA) and transcriptomic (RNA) data from the same sample, it is possible to obtain a deeper understanding of the biology underlying that tumor. The discipline of integrative genomics provides statistical methods and tools that facilitate the merging and analysis of multiple high‐dimensional data sets. Example uses of this approach include identification of gene expression deregulation caused by CNAs,[13](#cts12429-bib-0013){ref-type="ref"} characterization of molecular tumor subtypes by combined expression and genomics signatures,[14](#cts12429-bib-0014){ref-type="ref"} enhanced mutation detection in low purity tumor samples,[15](#cts12429-bib-0015){ref-type="ref"} and identification of oncogenic transcript splicing isoforms.[16](#cts12429-bib-0016){ref-type="ref"} For a more detailed review of the utility of integrative genomics in cancer, please see the excellent review from Kristensen *et al*.[17](#cts12429-bib-0017){ref-type="ref"}

Recent developments: NGS analysis of cell‐free tumor DNA {#cts12429-sec-0060}
--------------------------------------------------------

Deep sequencing of tumor‐derived DNA offers a powerful methodology to identify potential driver mutations in cancer and match patients with appropriate targeted therapies. While tumor tissue remains the gold standard for molecular diagnostic analysis, collection of fresh biopsies poses risks and significant discomfort to patients.[18](#cts12429-bib-0018){ref-type="ref"} Furthermore, a biopsy represents only a single tumor site, and may not reflect the substantial heterogeneity that exists within a single primary tumor[19](#cts12429-bib-0019){ref-type="ref"} or between metastatic sites,[20](#cts12429-bib-0020){ref-type="ref"} and the fact that many years and intervening therapies may separate collection of archival primary tumor from the need to make a treatment decision (**Figure** [2](#cts12429-fig-0002){ref-type="fig"}).

![Example of the potential utility of NGS applications in the clinical management of breast cancer.](CTS-9-283-g002){#cts12429-fig-0002}

These limitations have prompted efforts to develop methods to sequence other sources of neoplastic cells, including circulating tumor cells (CTCs) and circulating cell‐free tumor DNA (ctDNA). Recent studies have suggested that rare cells shed from the tumor mass (CTCs), or DNA released into circulation from apoptotic or necrotic cancer cells (ctDNA) may have utility as a source of material for NGS analysis that is representative of tumor tissue and that can be repeatedly sampled by noninvasive blood draws, allowing monitoring of tumor evolution over time and treatment, and identification of resistance mechanisms that may suggest subsequent lines of therapy. A recent study from Lohr *et al*. compared WES from single CTCs with that from matched tumor tissue and found that 70% of the mutations in the tumor sample could be detected in CTCs, suggesting that CTCs can provide potentially meaningful mutation data.[21](#cts12429-bib-0021){ref-type="ref"} However, many patients do not have detectable numbers of CTCs, or have too few CTCs to make meaningful assessments of tumor heterogeneity. Indeed, a study from Bettagowda *et al*. suggested that ctDNA was often present in patients without detectable circulating tumor cells, suggesting that these two sources of biomarker material may be distinct and have different utility.[22](#cts12429-bib-0022){ref-type="ref"}

Identifying and accurately measuring the mutant allele fraction of cancer‐specific mutations in ctDNA is complicated by the presence of background cell‐free DNA derived from normal cells, as well as low concentration of ctDNA in many patients.[23](#cts12429-bib-0023){ref-type="ref"} Approaches to enhance detection and improve quantitation of ctDNA in these challenging circumstances include sequencing at very high coverage and utilization of molecular barcodes to dramatically lower error rates by redundant sequencing of individual ctDNA molecules (e.g., Kinde *et al*.[24](#cts12429-bib-0024){ref-type="ref"}). Methodologies for ctDNA sequencing using NGS are not as sensitive as some other molecular methods (e.g., digital polymerase chain reaction (PCR)[25](#cts12429-bib-0025){ref-type="ref"}), but NGS has the advantage of interrogating a larger number of genomic loci. In addition, recent technological advances, including molecular barcoding to overcome intrinsic polymerase error rates,[24](#cts12429-bib-0024){ref-type="ref"} have increased assay sensitivity. A recent report described the targeted sequencing of a panel of 70 genes from the ctDNA of over 15,000 cancer patients, and suggested that the mutation spectrum observed was largely similar to that from tumor tissue specimens, with the notable exception that known resistance mutations are enriched in ctDNA compared with primary tumors.[26](#cts12429-bib-0026){ref-type="ref"} Finally, continued improvements in technology have made targeted sequencing and WES affordable, opening the door to real‐time longitudinal assessment of cancer mutations in circulation.[27](#cts12429-bib-0027){ref-type="ref"}, [28](#cts12429-bib-0028){ref-type="ref"}, [29](#cts12429-bib-0029){ref-type="ref"}, [30](#cts12429-bib-0030){ref-type="ref"}, [31](#cts12429-bib-0031){ref-type="ref"} Overall, these results suggest significant promise for NGS analysis of ctDNA in the identification of clinically actionable mutations and selection of appropriate therapy. Specific clinical applications of this novel approach will be considered in more detail below.

APPLICATIONS OF NGS IN CLINICAL TRIALS AND CLINICAL PRACTICE {#cts12429-sec-0070}
============================================================

Detection of driver alterations {#cts12429-sec-0080}
-------------------------------

Detection of somatic driver alterations that occur early in the development of a cancer and result in oncogene addiction is currently the primary application of next‐generation sequencing in oncology.[32](#cts12429-bib-0032){ref-type="ref"} Identification of driver alterations can guide the way to treatment with matched targeted therapies. Several recurrent driver mutations have been or are currently being clinically validated (i.e., associated with benefit to specific targeted agents), including *BRAF* V600E, *KIT*, *EGFR*, *ERBB2*, *FGFR3*, *PIK3CA*, *AKT1*, *TSC1*, and *ROS1* mutations, *ERBB2* amplifications, and *ALK* translocations.[33](#cts12429-bib-0033){ref-type="ref"}

Unlike traditional molecular assays, which focus on a relatively small panel of commonly mutated sites, NGS offers the capacity to measure somatic allele frequencies from the complete coding sequences of many genes in the same assay. There is general agreement that NGS should be the standard method when several genes must be tested in the same patient. As an illustration, a recent meeting of medical oncologists concluded that patients with non‐small cell lung cancers (NSCLC) should be tested for mutations in *EGFR, BRAF, ERBB2, ROS1*, and *ALK* using NGS methods (under specific conditions for *ALK*).[33](#cts12429-bib-0033){ref-type="ref"} Similarly, estrogen receptor‐positive breast cancer patients should be tested for mutations in *PIK3CA, ESR1, AKT1, ERBB2*, and again, it seems likely that NGS will become the standard method for diagnosis of genomic alterations in breast cancer.[33](#cts12429-bib-0033){ref-type="ref"} While NGS has shown analytical validity[34](#cts12429-bib-0034){ref-type="ref"} and CLIA‐certified assay vendors can provide NGS results to patients, many approved companion diagnostic tools are based on Sanger sequencing or PCR‐based methods. Nevertheless, health authorities are contemplating regulations for the clinical use of NGS,[35](#cts12429-bib-0035){ref-type="ref"} and it seems very likely that companion diagnostic tests for targeted therapies could soon be NGS‐based (discussed in more detail below).

One of the major questions related to the use of NGS in daily practice concerns the number of genes that should be tested (**Table** [2](#cts12429-tbl-0002){ref-type="table-wrap"}). We and others have reported previously that the number of recurrent and potentially actionable gene alterations in diseases like lung or breast cancer range from 5 to 10,[8](#cts12429-bib-0008){ref-type="ref"}, [9](#cts12429-bib-0009){ref-type="ref"}, [36](#cts12429-bib-0036){ref-type="ref"} so one could ask why several hundred genes should be tested on an NGS panel. Sequencing studies have shown that, in addition to the high‐prevalence, recurrent drivers, each tumor histology is characterized by a "long tail" of gene alterations that occur each in less than 1% of patients,[37](#cts12429-bib-0037){ref-type="ref"} and some of these rare genomic alterations may be associated with drug sensitivity. For example, rare, activating *MTOR* mutations have been associated with response to everolimus in a patient with thyroid cancer[38](#cts12429-bib-0038){ref-type="ref"} and low‐prevalence *ERBB3* mutations have been associated with objective response following Her2 inhibition.[39](#cts12429-bib-0039){ref-type="ref"}

###### 

Key open questions for clinical NGS testing in oncology

  Application                                             Examples                                                                                                                    NGS method                                                                         Clinical research questions
  ------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Oncogenic driver identification                         *BRAF* V600E, *KIT, EGFR, ERBB2, FGFR3, PIK3CA, AKT1, TSC1, ROS1* mutations, *ERBB2* amplifications, *ALK* translocations   WES, or targeted sequencing of tumor DNA or ctDNA                                  Is it useful to sequence large panels of genes vs actionable drivers?
  Characterization of resistance                          *EGFR* T790M, *ESR1* mutations                                                                                              WES, or targeted sequencing of tumor DNA or ctDNA                                  Is it useful to detect genetic mechanisms of resistance earlier, using ctDNA?
  Identification of patients sensitive to immunotherapy   Mutational burden; neoantigens; Gene expression profiles                                                                    WES, or targeted (large panel) sequencing of tumor DNA; RNA‐Seq of tumor           Can identification of mutational process and clonality improve prediction based on mutational burden? Can personalized cancer vaccines boost responses to immune checkpoint inhibitors? Can gene expression signatures identify immune‐responsive tumors?
  Germline mutations                                      *BRCA1, BRCA2, PTEN, TSC1, CDH1*                                                                                            WGS or WES of normal DNA                                                           Should the number of patients screened for germline mutations be expanded? Is it useful to interrogate a broad panel of genes ?
  Quantification of intratumor heterogeneity               none                                                                                                                       Whole exome sequencing of multiple tumor sites and metastatic lesions, or plasma   Is ITH associated with resistance to therapy and worse outcome? Is it targetable?
  Quantification of pathway activation                    ER, AR, mTOR, and CDK4 signatures                                                                                           RNA‐Seq of tumors                                                                  Can gene expression signatures identify responsive patients for targeted therapies?
  Cancer screening                                        none                                                                                                                        Ultradeep sequencing of plasma                                                     Can ultradeep sequencing on ctDNA identify some cancers early? Is it useful?
  Regulatory approval                                     none                                                                                                                        Any                                                                                How can clinical validity of NGS tests be established for previously approved biomarkers? What level of evidence is required for biomarkers that are rare in an indication? How will approval be maintained as the field advances?
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Because these genomic alterations are very rare, it is impractical to recruit subjects for clinical trials targeting these alterations. Based on this rationale, several teams have started clinical trials that evaluate the clinical utility of testing large panels of genes and treating based on theoretically actionable alterations. There is no evidence available yet that such an approach actually improves patient outcomes.[33](#cts12429-bib-0033){ref-type="ref"} As an illustration, the SAFIR01[36](#cts12429-bib-0036){ref-type="ref"} and SHIVA[40](#cts12429-bib-0040){ref-type="ref"} trials failed to report outcome improvement when comparative genomic hybridization (CGH) arrays or large NGS panels were used to select patients for targeted therapies. Nevertheless, these trials did not use the latest generation of targeted therapies, and it is hoped that new trials testing large panel of genes and integrating the newest generation of targeted therapies may be more definitive in demonstrating the utility of this approach.[41](#cts12429-bib-0041){ref-type="ref"}

Detecting resistance {#cts12429-sec-0090}
--------------------

While therapies matched to known driver mutations have clearly improved patient outcomes, the vast majority of patients treated with targeted therapies will develop secondary resistance. Next‐generation sequencing can elucidate the mechanisms of resistance and guide subsequent treatment,[42](#cts12429-bib-0042){ref-type="ref"} for example, by identifying new mutations in biopsies at disease relapse. As an illustration, resistance mechanisms to *EGFR* inhibitors are multigenic and can include T790M *EGFR* mutations; *ERBB2, PIK3CA*, and *BRAF* mutations; and *MET* amplifications.[43](#cts12429-bib-0043){ref-type="ref"} NGS on ctDNA has the potential to detect mutations as early as possible during the disease course,[44](#cts12429-bib-0044){ref-type="ref"} but further clinical trials are needed to determine whether using multigene panels for early detection of resistant clones can improve clinical outcomes (**Table** [2](#cts12429-tbl-0002){ref-type="table-wrap"}).

Sensitivity to immunotherapeutic agents {#cts12429-sec-0100}
---------------------------------------

Immune checkpoint inhibitors such as anti‐CTLA4, and more recently anti‐PD‐1 and anti‐PD‐L1, have been shown to improve overall survival in certain immunogenic cancers such as melanoma, lung cancer, and bladder cancer. A number of clinical studies have shown that expression of PD‐L1 on tumor or immune cells enriches drug response,[45](#cts12429-bib-0045){ref-type="ref"}, [46](#cts12429-bib-0046){ref-type="ref"}, [47](#cts12429-bib-0047){ref-type="ref"} and several immunohistochemistry (IHC) assays have been approved as companion or complementary diagnostic tests in NSCLC and bladder cancer.[48](#cts12429-bib-0048){ref-type="ref"}, [49](#cts12429-bib-0049){ref-type="ref"}, [50](#cts12429-bib-0050){ref-type="ref"} However, many patients lacking PD‐L1 expression respond to checkpoint blockade and not all patients with PD‐L1 expression respond, suggesting a need for more sensitive and specific diagnostic tests. Several studies have suggested that high tumor mutational burden, determined by NGS, could be associated with increased sensitivity to immune checkpoint inhibitors.[47](#cts12429-bib-0047){ref-type="ref"}, [51](#cts12429-bib-0051){ref-type="ref"}, [52](#cts12429-bib-0052){ref-type="ref"} For example, Rizvi *et al*. have reported that patients with high mutational burden NSCLC treated with anti‐PD‐1 presented a lower likelihood of progressive disease.[51](#cts12429-bib-0051){ref-type="ref"} Further analyses have suggested that taking into account mutational process and intratumoral heterogeneity (ITH, see section below)[46](#cts12429-bib-0046){ref-type="ref"} could improve the prediction. Rizvi *et al*. indeed reported that a specific pattern of base substitutions (also referred to as a mutational signature) associated with prolonged exposure to tobacco smoke is associated with a higher likelihood of benefit within the group of highly mutated NSCLC,[51](#cts12429-bib-0051){ref-type="ref"} and McGranahan, *et al*. reported that among highly mutated cancers, those with high number of clonal neoantigens (see below) and less heterogeneity are more likely to be sensitive to immunotherapeutics.[53](#cts12429-bib-0053){ref-type="ref"} These data suggest that mutational burden, fine‐tuned with analysis of mutational patterns and ITH, could predict which patients will derive benefit from single‐agent immune checkpoint blockers. WES is the most comprehensive method to quantify mutational burden and characterize mutational patterns, and this method has recently been shown to be feasible in the context of a clinical trial,[54](#cts12429-bib-0054){ref-type="ref"} but recent results have suggested that targeted NGS panels may also have utility in inferring overall mutational burden at a lower cost.[47](#cts12429-bib-0047){ref-type="ref"}

Another promising and highly personalized application of WES is the idea of personalized cancer vaccines based on the unique spectrum of protein‐altering mutations in a given patient\'s tumor.[55](#cts12429-bib-0055){ref-type="ref"}, [56](#cts12429-bib-0056){ref-type="ref"} This is a complicated approach that requires WES to identify mutations that encode candidate neoantigens, application of sophisticated algorithms to determine which neoantigens are immunogenic, and then formulation of a corresponding peptide‐ or RNA‐based vaccine that can be administered to the patient and hopefully elicit a tumor‐specific immune response. Early results have provided some evidence that CD8 T‐cell responses to tumor neoantigens can be enhanced through vaccination in melanoma patients,[57](#cts12429-bib-0057){ref-type="ref"} but many challenges await before this approach is clinically validated.[58](#cts12429-bib-0058){ref-type="ref"}

Assessing intratumoral heterogeneity {#cts12429-sec-0110}
------------------------------------

Within a single primary tumor and its metastatic lesions, genomic alterations are heterogeneously distributed. During the evolution of a tumor, alterations that occur very early and are required for neoplastic growth are distributed throughout the tumor and are usually named trunk alterations. Variants that arise later during cancer development (branch alterations) are not homogeneously distributed, and may be private to very restricted tumor regions or single metastases.[19](#cts12429-bib-0019){ref-type="ref"} ITH is difficult to accurately assess in most patients because collection of extensive biopsies of multiple tumor lesions is impractical and cannot be implemented in routine clinical practice for the reasons discussed above.

One potential method to overcome the limitations with biopsies is to perform WES on ctDNA. This approach accurately quantifies heterogeneity by detecting subclonal and site‐specific alterations.[59](#cts12429-bib-0059){ref-type="ref"} Quantifying ITH could have several clinical implications. As already shown in chronic lymphocytic leukemia,[60](#cts12429-bib-0060){ref-type="ref"} high ITH could be associated with worse outcome. ITH could also predict the response to immunotherapeutics (see above). Finally, ITH may also predict treatment failure for targeted therapies by identifying low‐frequency, preexisting, subclonal mutations that confer resistance, a phenomenon previously documented in the case of *MET* amplification associated with EGFR‐inhibitor sensitivity.[61](#cts12429-bib-0061){ref-type="ref"} Prospective trials are currently collecting plasma samples in order to further assess the clinical utility of ITH as characterized by ctDNA sequencing.

Guiding development of combination therapies {#cts12429-sec-0120}
--------------------------------------------

A potentially important application of NGS is in guiding patient identification for combination therapies, given that the approach yields parallel information on a large number of genes as opposed to other technologies such as PCR that provide sequence information on a small number of recurrent mutations. There are numerous preclinical examples that suggest potential utility in simultaneously targeting multiple drivers. For instance, a number of studies have shown that combined targeting of MAP kinase and PI3K pathways can be synergistic when both pathways are activated.[62](#cts12429-bib-0062){ref-type="ref"}, [63](#cts12429-bib-0063){ref-type="ref"} In addition, recent studies have provided evidence that the combination of immune checkpoint inhibition with MEK inhibition can synergize to result in greater antitumor immune responses,[64](#cts12429-bib-0064){ref-type="ref"} suggesting that NGS assays combining overall mutational load with mutations in the MAPK pathway might be effective in treating patients with this combination. In addition to concomitant alterations in baseline primary tumor samples, as discussed above, a variety of reports have identified resistance mechanisms based on the acquisition of mutations or gene amplification events. For instance, preclinical work has shown that treatment of NSCLC cell lines with the EGFR inhibitor erlotinib results in selection for resistant clones harboring MET amplification, suggesting that NGS on a sample collected at relapse could be useful to detect such events and select patients for treatment for combination therapy with EGFR and MET inhibitors.[61](#cts12429-bib-0061){ref-type="ref"} One approach to validating NGS as a means of selecting patients for combination studies would be umbrella trials (described in more detail below) involving different arms that match patient with candidate therapies based on particular genomic alterations. In this scenario, patients could be enrolled in the trial and receive a candidate targeted therapy, not just based on single alterations but in some cases based on a multiple alterations where a strong preclinical rationale exists that patients might benefit from a combination of therapeutics. While conceptually appealing, a challenge to this approach will be the need to conduct phase Ib studies in advance to make sure the investigational agents can be safely combined at exposures sufficient to result in efficacy prior to inclusion in an umbrella study, since in some cases (e.g., MEK and PI3K) the clinical combination has been shown to been challenging in terms of tolerability.[65](#cts12429-bib-0065){ref-type="ref"}

Clinical applications of ctDNA sequencing {#cts12429-sec-0130}
-----------------------------------------

As mentioned in previous sections, ctDNA is detectable in plasma and amenable to NGS. Here we consider the current, practical clinical applications of NGS on ctDNA. One application is detection of driver or resistance mutations that are not present in primary tumors but do occur in relapsed or metastatic samples. Examples of this include *ESR1* mutations in ER+ breast cancer, which are very rare in primary tumor tissue, but occur after prolonged aromatase inhibitor therapy and can readily be detected in metastatic samples[66](#cts12429-bib-0066){ref-type="ref"}, [67](#cts12429-bib-0067){ref-type="ref"} or in ctDNA.[68](#cts12429-bib-0068){ref-type="ref"}, [69](#cts12429-bib-0069){ref-type="ref"} NGS analysis of ctDNA thus may be useful to identify patients with *ESR1* mutations and select them for treatment with novel endocrine agents that may have efficacy against tumors harboring these mutations. Similarly, *EGFR* T790M mutations and *MET* amplifications that arise during gefitinib or erlotinib therapy can readily be detected in ctDNA, and these alterations could be used to select patients for treatment with next‐generation inhibitors that target these resistance mutations.[70](#cts12429-bib-0070){ref-type="ref"} In another example, Murtaza *et al*.[30](#cts12429-bib-0030){ref-type="ref"} detected *PIK3CA* and *RB1* mutations associated with resistance to chemotherapy, suggesting the possibility of testing candidate targeted agents against these drivers in such patients. In addition, ctDNA NGS assays may broaden the population of patients available for clinical testing in indications such as NSCLC in which a substantial fraction of patients may not have tissue available for testing.

One mid‐term application will be to use ctDNA detection to predict relapse in patients with localized cancer. Garcia‐Murillas *et al*.[71](#cts12429-bib-0071){ref-type="ref"} have shown that after first‐line therapy, rising concentration of ctDNA in the plasma, as assessed by NGS‐based mutation detection, is associated with a metastatic relapse in the following months, suggesting that the technology could be used to identify patients at high risk for clinical relapse with the aim of providing more aggressive or targeted adjuvant therapy. From a long‐term perspective, the capacity to perform ultra‐deep sequencing while minimizing errors should open the avenue of cancer screening and early detection using NGS in plasma. Current reports suggest that sequencing circulating DNA can detect around 50% of early‐stage cancers[22](#cts12429-bib-0022){ref-type="ref"} and these numbers will increase with new technologies. Intensive efforts are underway in academic laboratories and biotech start‐up companies to develop more robust assays and clinically validate them in large cohorts of patients.[44](#cts12429-bib-0044){ref-type="ref"}

Assessing target expression and pathway activation using RNA‐Seq {#cts12429-sec-0140}
----------------------------------------------------------------

Some cancers express therapeutic targets without underlying alterations at the DNA level. For example, estrogen receptor gene expression is associated with sensitivity to endocrine therapy, but the gene sequence is typically unaltered in endocrine‐naïve patients. Beyond identification of overexpressed oncogenic targets, analyses at the RNA level can also measure oncogenic pathway activation. RNA‐Seq has been shown to be feasible in the context of daily practice and could complement DNA‐based approaches.

In breast cancer, gene expression signatures have been developed to quantify ER, AR, mTOR, and CDK4 activation,[72](#cts12429-bib-0072){ref-type="ref"} which could predict efficacy of drugs targeting these pathways. RNA‐Seq may also enable identification of patients most likely to respond to immunotherapy, as a number of reports have suggested that expression signatures indicating the presence of specific immune cell types is associated with differential prognosis[73](#cts12429-bib-0073){ref-type="ref"} and may perhaps be associated with benefit or resistance to immunotherapy agents.[74](#cts12429-bib-0074){ref-type="ref"}, [75](#cts12429-bib-0075){ref-type="ref"} RNA‐Seq is also applicable for molecular subtyping within tumor histologies. For example, subtyping of urothelial carcinoma samples from a phase II study of atezolizumab identified distinct basal and luminal subtypes that differed in their response to the treatment.[47](#cts12429-bib-0047){ref-type="ref"}

NGS for germline analyses {#cts12429-sec-0150}
-------------------------

NGS is already broadly utilized for the detection of germline mutations that cause hereditary illnesses and influence disease risk (e.g., cystic fibrosis).[76](#cts12429-bib-0076){ref-type="ref"} In the oncology setting, this is particularly useful when sequencing large genes like *BRCA1, BRCA2*, and *PTEN*, or when multiple genes must be tested in the same patient. Several studies indeed suggest that testing multiple genes could be useful for clinical diagnosis. Using a 17‐gene panel, Couch *et al*.[77](#cts12429-bib-0077){ref-type="ref"} recently reported that 3.7% of triple negative breast cancer tumors carry a deleterious germline mutation aside from *BRCA1* and *BRCA2*. In a series of 692 patients with metastatic prostate cancer, 12% were found to have a deleterious germline mutation in genes involved in DNA‐repair.[78](#cts12429-bib-0078){ref-type="ref"} Recent evidence‐based guidelines have included the use of multigene testing, comparing its advantages and disadvantages.[79](#cts12429-bib-0079){ref-type="ref"} These guidelines state that "only genes with a known (i.e., published and confirmed) relationship between the aberrant genotype and the pathology should be included in the analysis." Some groups even propose to use WES as a tool for counseling in rare genetic disorders, but this extended approach raises several challenges for clinical interpretation.[80](#cts12429-bib-0080){ref-type="ref"}

WES performed to identify somatic aberrations often includes simultaneous analysis of germline DNA from a matched normal sample as a control, and as such, could lead to incidental detection of genetic susceptibilities. The American College of Medical Genetics and Genomics (ACMG) has recommended analysis of 56 specific genes associated with hereditary syndromes, including cancer, and reached consensus that reporting some incidental and secondary findings would likely have medical benefit for the patients and families of patients undergoing clinical NGS testing.[81](#cts12429-bib-0081){ref-type="ref"} These considerations emphasize the need to train genomics test‐prescribing clinicians in order to correctly inform patients about the possibility and consequences of incidental genetic findings.

New trial designs to validate genomic approaches {#cts12429-sec-0160}
------------------------------------------------

Advances in new technologies and knowledge in biology have led to the development of new concepts in clinical trials. One type of study aims to validate that a given genomic alteration is associated with drug sensitivity. One of the key challenges here is patient accrual in clinical trials since many of the genomic alterations are rare. Two trial designs have been developed to facilitate effective molecular screening. One approach, termed a basket trial, enrolls patients across a broad range of indications (e.g., lung cancer, breast, colon, etc.) as long as the patient is positive for the enrollment biomarker.[82](#cts12429-bib-0082){ref-type="ref"} Examples of basket trials include the VE‐BASKET study, which showed promising efficacy of vemurafenib in *BRAF* mutant NSCLC, and other indications where *BRAF* mutations are rare (e.g., Langerhans cell histiocytosis, colon cancer, and thyroid cancer), demonstrating the clinical validity of this biomarker‐drug pair in these indications.[83](#cts12429-bib-0083){ref-type="ref"} So‐called umbrella clinical trials offer a complementary approach to basket clinical trials by focusing on a single indication (e.g., lung cancer), but incorporating multiple investigational biomarkers and treatments within that indication. The Lung Master Protocol (LUNG‐MAP) is an example of such an approach and involves screening squamous cell lung cancer patients with comprehensive NGS‐based testing. If the patient is positive for one of the biomarkers under study (*CDK4, PIK3CA, MET*, and *FGFR*) they are enrolled in the appropriate treatment cohort, while in the absence of an alteration they receive the immunotherapy agent nivolumab.[41](#cts12429-bib-0041){ref-type="ref"} In addition to these screening approaches, the oncology community is getting more information about rare genomic variants that impact targeted therapy response by applying NGS to exceptional responders. For example, the retrospective sequencing of one exceptional responder to everolimus identified *TSC1* mutations as a predictor of exquisite sensitivity to mTOR inhibitors.[84](#cts12429-bib-0084){ref-type="ref"}

A second type of study aims to prove the clinical utility of new technologies such as NGS by showing that application of the new technology improves a clinical end point in the context of a prospective clinical trial. As mentioned previously, there is no evidence yet that NGS testing of a broad panel of genes is clinically useful in the context of oncology. The prospective SAFIR02_Breast and SAFIR02_Lung trials (ClinicalTrials.gov identifiers NCT02299999 and NCT02117167) aim to establish such clinical utility by randomizing patients who lack genomic alterations detected by conventional tests between the use of large panel NGS testing vs. standard of care. Studies to demonstrate clinical utility of ctDNA sequencing for the early detection of resistance will likely follow in the near future.

Path to companion diagnostics and widespread use of NGS platforms {#cts12429-sec-0170}
-----------------------------------------------------------------

While it is clear that NGS‐based technologies are already having an impact on patient care, in order for broad, widespread use to occur several factors will need to be addressed in the coming years. These factors include increasing the "actionability" of the results from NGS‐based approaches, evolving the regulatory paradigm to gain approval of NGS‐based tests and securing broad insurance coverage for NGS‐based testing. While the focus of this review is on NGS‐based cancer testing for informing treatment decision making, it should be noted that similar barriers to the widespread use of NGS‐based tests exist in germline sequencing of patients suspected to harbor a genetic disorder, as well as noninvasive prenatal testing (NIPT) that uses NGS to screen for fetal chromosomal abnormalities (e.g., trisomy 21) through a maternal blood draw.

Numerous clinically validated biomarkers in practice guidelines today are detectable via NGS testing (e.g., *EGFR* mutations and *ALK* fusions in NSCLC, and *BRAF* mutations in melanoma). NGS testing for these biomarkers as opposed to singleplex tests (such as Sanger sequencing or PCR) has the advantage of being able to screen a broad set of genes in one comprehensive test, which utilizes the scarce biopsy tissue available in the most efficient manner possible so that the most appropriate treatment decision can be made for an individual patient. As additional biomarkers are clinically validated in a given indication, the clinical utility of converting singleplex testing paradigms to NGS‐based tests will continue to grow. However, traditional clinical trial designs may not always be appropriate for demonstrating this clinical validity, given the therapeutics' mechanism of action and the large amount of data available from an NGS‐based test. Several biomarker‐driven clinical trials have been implemented in the field and offer efficient and scientifically driven ways to demonstrate clinical validity of new biomarkers and therapeutics.[85](#cts12429-bib-0085){ref-type="ref"} As discussed above, there are now numerous examples of basket and umbrella approaches to clinical trial designs either in development or underway, and these offer a promising path to further demonstration of the clinical validity of NGS‐based tests. Appropriate discussions are underway between trial sponsors and health authorities such that positive outcomes in one or more cohorts from these studies should result in the approval of an NGS‐based companion diagnostic (CDx) test.[41](#cts12429-bib-0041){ref-type="ref"}

NGS‐based cancer tests are driving an evolution of the regulatory aspects of testing as well.[86](#cts12429-bib-0086){ref-type="ref"} In the US, the Food and Drug Administration (FDA) requires premarket approval or clearance before the sale of an *in vitro* diagnostic test. To date, all of the NGS‐based cancer testing performed in the US has been performed via a Laboratory Developed Test (LDT) paradigm, where the clinical laboratory designs, develops, and analytically validates the test in‐house under the guidelines of the Clinical Laboratory Improvement Amendments (CLIA). The FDA has in the past practiced "enforcement discretion" over LDTs and not used their authority in this area of clinical testing. However, the FDA has recently indicated that they will stop practicing enforcement discretion towards LDTs over the next few years and instead require FDA clearance or approval of these tests in a manner similar to IVD manufacturers.[87](#cts12429-bib-0087){ref-type="ref"} This change is in part driven by the rapid increase of NGS testing as LDTs in clinical practice including cancer testing. Under CLIA guidelines, clinical labs do not necessarily have to demonstrate the clinical validity of their test; only analytical validity must be shown. However, for FDA approval or clearance clinical validity of the test must be demonstrated. Several challenges need to be addressed in the regulatory paradigm for FDA approval of an NGS‐based cancer test.[88](#cts12429-bib-0088){ref-type="ref"} For instance, how does a test developer demonstrate the clinical validity of a previously approved biomarker (e.g., *EGFR* mutations in NSCLC) when there are no patient specimens remaining from the original, pivotal clinical trial, and given that it would not be feasible or ethical to rerun the trial? For biomarkers that are rare in an indication (e.g., *ROS1* fusions in NSCLC), what level of evidence (e.g., number of patients, need for randomized control treatment, etc.) is required given the difficulty in identifying these patients? Given the translational nature of NGS testing in cancer, the pace of new biomarker discoveries and clinical validation, and the large amount of information from an NGS test, how will FDA approval be maintained such that the approved test keeps pace with discoveries and advancements in the field? While these are not small issues and will take time to work through, the FDA and other health authorities have shown a willingness to work with the stakeholders in the field to find appropriate, balanced solutions that advance patient care.

CONCLUSION {#cts12429-sec-0180}
==========

In the 15 years since the publication of the draft human genome, sequencing technologies have advanced rapidly (**Figure** [1](#cts12429-fig-0001){ref-type="fig"}) and the cost to sequence a genome has dropped precipitously from several billion dollars down to several thousand dollars. NGS now enables analysis of a large number of DNA bases in a cost‐ and time‐effective manner. In recent years, this promising technology has been transferred to clinical diagnostics in oncology with the aim to better define which therapy should be given in each patient. In this tutorial we discussed multiple applications for NGS in clinical oncology including driver identification, detection of resistance mechanisms, quantification of mutational burden, evaluation of tumor gene expression, and diagnosis of germline mutations. The FDA recently approved the Illumina MiSeqDx platform for diagnosis of cystic fibrosis associated mutations,[76](#cts12429-bib-0076){ref-type="ref"} paving the way for approval of NGS‐based tests as CDx assays for oncology indications. In the near term, comprehensive testing of actionable mutations will be accomplished via NGS‐based CDx assays and used to match patients with appropriate targeted therapies. Longer term, the utility of NGS to predict responders to immunotherapy, either through RNA‐Seq based gene expression or mutational burden, could also drive significant clinical uptake of clinical NGS testing. Recent data suggest that NGS may be broadly applicable to ctDNA, which can be safely and repeatedly obtained through a "liquid biopsy" and may actually be more representative of tumor heterogeneity than a single biopsy. Pending further clinical validation, this approach could open entire new avenues, including detection of early‐stage cancers, determination of residual disease, and longitudinal monitoring for resistance mechanisms. Realizing the promise of these various approaches to change patient care will require close collaboration between drug development companies, medical oncologists, and health authorities.
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